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-Occlusion of the anterior descending coronary artery was produced in sedated' baboons 7-15 days after implantation of a micromanometer and ultrasonic crystals for measurement of regional left ventricular dimensions in ischemic, marginal, and control segments. One minute after coronary occlusion (CO), ischemic segments exhibited a marked systolic bulge with wall thinning, and percent systolic shortening of marginal segmer,ts decreased.
Over the ensuing weeks, there was a progressive increase of end-diastolic lengths in marginal and ischemic segments, whereas systolic shortening in these segments did not improve significantly, Control segments did not change. In control baboons, the coronary collateral index was 55 t 25 (SE) compared to 560 5 74 in normal dogs. One month after CO, the collateral index was 543 2 144 in baboons compared to 6,685 * 716 in dogs. In baboons, the infarcts were uniform and transmural, (21.5 t 2.2% of left ventricular mass), whereas in dogs, regions of normal tissue were seen in the infarcts (14. 2 it_ 2% of left ventricular mass). Minimal coronary collateral development in the baboon provides a likely explanation for differences from the dog in regional funct,ionaI responses and in the character of the infarct. coronary occlusion in primates; left ventricular function after myocardial infarction; coronary occlusion in the baboon; ultrasonic dimension crystals -c-INFORMATION ABOUT REGIONAL myocardial function and dimensions after experimental coronary occlusion is based mainly on studies in dogs (6, 11, 17, (19) (20) (21) (22) (23) (24) 26) . However, there are major differences in the anatomy of the heart between this species and normal human subjects: the ratio of heart weight to body weight is higher in dog than in man (1) ; the distribution of the coronary arteries is dissimilar (18); and the coronary collateral circulation is relatively large in the normal dog heart (16). These differences raise questions about the extent to which results found in dogs can be extended to man, although it is recognized that increases in the collateral circulation in some human subjects with coronary heart disease may resemble those found in the dog. The swine, which has a cardiac anatomy closer to that of normal man (8>, has been used in some studies on experimental myocardial infarction (3, 6) . The baboon, a subhuman primate, is closer to man on evolutionary and anatomic bases (18). In comparison with dogs, the heart weight-body weight ratio in baboons is smaller (4), the coronary circulation is more balanced (1, 18) , and coronary dynamics are more labile (25) . It has been suggested that differences in the collateral circulation between the dog and baboon might explain observed variations in myocardial blood flow distribution after coronary artery occlusion (7). Therefore, th e a b b oon may provide a better model than the dog of experimental myocardial infarction that closely resembles that in many human hearts (1) .
Studies on baboons subjected to acute coronary occlusion have reported electrocardiographic, hemodynamic, and anatomic changes (2, 5, 7), but regional myocardial function has not been analyzed nor are detailed studies on the coronary collateral circulation before and after infarction available. Therefore, our goal was to examine myocardial function and dimensions in several zones in the closed-chest, sedated baboon both early and late after coronary artery occlusion and to correlate these observations with anatomic findings and measures of the coronary collateral development.
METHODS
Eleven adult male baboons (Papio anubis) weighing 23.1-47-l kg (avg 30.4 kg) were instrumented by use of techniques described elsewhere (21-23) l After premedication with Sernylan (phencyclidine hydrochloride, 50 mg im) the animals were anesthetized with sodium pentobarbital (15 mg/kg), and a left thoracotomy was performed. A high-fidelity pressure manometer (Konigsburg P22) was inserted into the left ventricular chamber through the cardiac apex and pairs of ultrasonic crystals were implanted in the left ventricular wall as close as possible to the subendocardium. One pair was placed adjacent to the interventricular septum toward the left ventricular apex (segment to be rendered ischemic, which becomes cyanotic with a brief acute coronary occlusion); one pair was placed in a normal segment close to the base of the ventricle; and one pair was positioned between these two sets of crystals (at the border of the cyanotic zone) (Fig. 1) . In some baboons, a pair of crystals for measurement of left ventricular wall thickness was also placed in the seg- ment to be made ischemic by creating a diagonal tract with an M-gauge needle for implantation of the subendocardial crystal; the epicardial crystal was then sewn to the epicardium facing this endocardial crystal (Fig. 1, . The resolution of the ultrasonic dimension gauge is <l.O mm, and changes of ~0.05 mm are detected; the variation in measurements over lo-20 days is about 1% (22). The left anterior descending coronary artery was dissected at approximately the junction between its proximal and middle thirds below the origin of the first major diagonal branch, and a hydraulic cuff was placed around the artery (Fig. 1 ). All wires were brought through the chest wall and buried subcutaneously on the back of the animal in the interscapular area. Of the 11 baboons, 4 died without chronic coronary occlusion: 1 died of unknown cause several hours after the initial operation for implantation of transducers, 1 died during thoracotomy before the pericardium was opened, 1 died of ventricular fibrillation during a test coronary occlusion during the initial operation, and 1 died of ventricular fibrillation 9 min after coronary occlusion in the intact, sedated state. These hearts were used as controls only in the anatomic studies on the collateral circulation. The remaining seven animals were studied 7-15 days later when they had fully recovered from the operation. In one baboon, the coronary artery was reperfused 32 min after the occlusion in the intact, sedated state because of hypotension and sustained multiple arrhythmias. The coronary artery was then reoccluded for brief periods (5 min) every week over the two ensuing weeks and occluded permanently at 2 wk; late anatomic studies were carried out in this animal.
Five animals were studied as follows: after tranquilization with Sernylan (50 mg im), the subcutaneous wires were recovered and the animal was placed on its right side; morphine sulfate (15 mg im) was also admin- istered to all but one animal 0.5 h before the coronary occlusion. The effects of these agents could not be studied in detail because it was necessary to sedate the animals before attaching the wires; however, in four baboons studied by telemetry in the sitting, resting state shortly before sedation, the average awake and sedated heart rates were 112 and 97 beatslmin, respectively (ranges: 90-133 awake, and 80-105 sedated), The anterior descending coronary artery was then occluded by inflating the hydraulic occluder with saline solution. Dysrhythmias (premature ventricular contractions and ventricular tachycardia), which occurred predominantly between 3 and 10 min after coronary occlusion, were treated as necessary with intravenous injections of lidocaine and procainamide. Left ventricular pressure and segment dimensions were recorded continuously for 10 min preceding and 15 min following coronary occlusion; then 5-min recording periods were obtained every 15 min for at least 1 h. The wires were buried again after 1 or 2 h of study, and the serial measurements were carried out as previously described (22), with th e sedated animal lying on its right side. Studies were carried out at 6-8 days afier the coronary occlusion, at 2 wk, 3 wk, and at about 1 mo (avg 35 days>.
Segments were categorized into three different groups according to their behavior after 1 h of monitoring following coronary occlusion: I) control segments (normal fun c ion), 2) marginal segments (reduced funct' tion), and 3) ischemic segments (holosystolic expansion or early and midsystolic bulging with near zero net systolic shortening) (21-23). As previously described, end-systolic length was taken as the nadir of the shortening tracing within 20 ms of peak negative dP/dt (22). It was not possible to obtain satisfactory recordings from all segments in all five baboons, and recordings from four segments in each of the three segment groups (control, marginal, ischemic) were analyzed. Four baboons had measurements of wall thickness; three sets of crystals were located in the ischemic area (thinning during systole), and one in the marginal zone (hypokinetic).
Data on these wall thickness determinations are given without statistical analysis. A few observations were made in four baboons by telemetry of left ventricular pressure and two segment lengths. The wires were attached to the telemetry unit, which was carried together with the battery power supply in a canvas backpack tailored to fit each baboon. The conscious animals were left in an outdoor enclosure (3.3 x 2.7 x 2.0 m) and observed from the laboratory while variables were monitored and stored on magnetic tape. The observation periods lasted 4-6 days, usually beginning 1 or 2 days after the coronary occlusion.
The micromanometer was calibrated by retrograde catheterization of the left ventricle with a Millar cathe&-tip micromanometer, on the day of the coronary occlusion and again approximately 1 mo later prior to terminating the experiment.
In the baboon that died 9 min after the onset of ischemia, in vitro calibration of the gauge was performed in water at 37°C immediately following its removal from the left ventricle. In only two animals was the gauge sufficiently stable to be used for accurate measurement of pressure during intermediate periods, and it was used only for the timing of the cardiac events. Thus, statistical analysis of hemodynamic data is reported only for early and late studies (Table 1) . hearts late after coronary occlusion. Four hearts studied were considered to represent the control state, as described earlier.
The left anterior descending, left circumflex, and right coronary arteries were cannulated; the catheters were securely tied in place; and an index of coronary collateral flow was obt,ained by measurement of retrograde flow from each coronary artery while the two other vessels were connected to a container of saline solution under pressure at 150 mmHg (10). Retrograde flow from each vessel was measured over several 1-min periods, and the highest retrograde flow obtained from any vessel was considered to represent the postmortem retrograde flow. Colored gelatin was then injected through the catheters by the method of Menick et al. (9), and the hearts were immersed in 10% formaldehyde solution for 1 wk.
Analyzed variables included end-diastolic and peak systolic left ventricular pressure, peak dP/dt, end-diastolic length of each segment or wall thickness, and percent systolic segment shortening or wall thickening. Seven to ten beats were averaged, and the end-diastolic length of each segment or thickness during the control period was normalized to 10 mm (21-23). The baboons were killed between 32 and 77 days after the coronary occlusion by an injection of potassium chloride (5 ml, 40 meqlml iv). The hearts were removed, and the ventricles were weighed separately.
The hearts were then cross-sectioned in the ventricular minor axis, from apex to base, into slices LO-l.5 cm thick. The zones of gross infarction and scarring were sharply defmed, and the crystal positions relative to infarction zones were drawn to scale. Samples of tissue from between each pair of crystals (1 cm:') and from the center of the infarct (transmural sample) were removed for histological examination,
The gross infarct size was determined by tracing the outline of the infarct on each side of the slice of left ventricle on clear plastic sheets. The area of the infarct was then determined by planimetry.
The grams of infarct were calculated for each slice, and total infarct weight was determined by summing the infarcted regions from all slices. The percent of the total left ventricle infarcted was then calculated.
The coronary collateral circulation and anastomotic index were studied as previously described (9) in six
The wall thickness in the center of the infarct at its thinnest point and the contralateral wall thickness (excluding papillary muscle) were measured. A ratio of ischemic wall thickness to control wall thickness was then obtained for each infarcted heart. The crystals were positioned between the inner third and outer third of the left ventricular wall, none being situated in the papillary muscles. In all baboons, the inner crystal of the wall-thickness pair was found to lie in the inner third of the wall facing the epicardial crystal; thus, only relative changes in wall thickness were measured. There was an abrupt border between normal and infarcted zones, and marginal segment crystals traversed this order, one lying in the normal zone and the other in the infarcted region in each baboon.
After these studies, the hearts were cleared and the coronary collate.rals counted and measured under a dissecting microscope equipped with a calibrated eyepiece (9). In the control baboon hearts, collateral vessels were divided into three groups: 40 pm, 40-100 Frn and over 100 pm; none was larger than 150 pm. In baboons with infarction and in control dogs, the vessels were larger and were divided into three groups: 40-100 pm, 100-200 pm, and over 200 pm. In dogs with infarction, three additional groups were considered: 200-300 pm, 300-400 pm, and over 400 pm. The maximum collateral radius observed in each group was determined; its fourth power (Poiseuille's law) was obtained and divided by 10". This factor was then multiplied by the number of collateral vessels in that particular group. The sum of these products for all groups in each heart is referred to as the anastomotic index (AI) (9).
Statistical analysis of hemodynamic and segmental data was carried out as previously described (22) Dgta on infarct size and the coronary collateral circulation in the baboons were compared to data for two groups of dogs previously studied (9), the first consisting of 10 normal mongrel dogs weighing 20-28 kg (avg 24.1 kg), and the second of 6 mongrel dogs weighing 23.0-25.0 kg (avg 23.3 kg) in which occlusion of the left anterior descending coronary artery 2.5 cm below its origin (beyond the first two lateral branches) had been produced in the conscious state. This site was similar to the location of coronary occlusion in the baboon. Collateral flow and the AI in the dogs were measured by the methods that were used in the baboons. Student's t test for two means was used for comparisons of the collateral circulations between dogs and baboons, and between control and infarcted hearts.
RESULTS

Hemodynamic Responses
There was a tendency for heart rate to increase immediately after coronary occlusion and to remain higher than control, but the increase was significant compared to control only at 1 wk after coronary occlusion (Table 1) . End-diastolic pressure tended to increase early after coronary occlusion, but the increase was significant only at 5 min; at that time, the myocardium also undoubtedly was depressed by the antiarrhythmic drugs administered. Average systolic left ventricular pressure and peak dP/dt tended to fall early after the occlusion, but none of the changes was statistically significant early or at 1 mo (Table 1) . Figure 2 shows a representative example of the evolution of regional myocardial functional changes in one baboon, and Table 1 shows average values and the statistical analyses in the five baboons that survived the infarction to undergo late studies. Figure 3 summarizes the averaged data from acute and chronic studies.
Segment Lengths and Segment Function
End-diastolic segment lengths. In the control segments average end-diastolic segment Iengths did not increase significantly throughout the period of study (Fig. 3) .
In marginal segments, end-diastolic lengths were significantly increased at 2, 3, and 4 wk after coronary occlusion; they were longer at 2 and 3 wk than at 1 h and were significantly longer than control lengths at 2 and 3 wk (Fig. 3 , upper panel and Table 1 ). In ischemic segments, the increases in average enddiastolic length compared to the control period were significant at 30 min and at each point between 1 and 4 wk. The end-diastolic lengths of ischemic segments were significantly longer at 1-4 wk than at 1 h, and they were also longer than those of both marginal and control segments at most late follow-up intervals (Fig.  3 , Table 1 ).
Segment shortening (%ALj. Percent segment shortening in the control regions did not change significantly over the period of follow-up (Fig. 3) .
In marginal segments, hypokinesia was present as early as 1 min after the onset of coronary occlusion, and percent shortening in marginal segments subsequently showed some further deterioration, but the additional change was not significant. Marginal segment function was not significantly changed from its depressed level at 1 h at the l-to 4-wk periods.
Reduction of function remained extreme in ischemic segments (Figs. 2 and 3 , Table l), and this depression of function was not significantly different from the value at 1 h at the l-to 4-wk intervals. The lack of shortening or the dyskinesia in ischemic segments (-%AL) and th e h ypokinesia averaging 5-7% shortening in marginal segments (Fig. 3) were significantly different from each other at 1 wk and from the control segments at all time points between 1 and 4 wk ( Table   1) .
WuZZ thickness. Wall thickening characteristics exhibited an inverse behavior to corresponding myocardial segments, as illustrated in Fig. 2 for wall thickness in a marginal segment and in Fig. 4 for wall thickness in an ischemic segment. The systolic thickening observed before coronary occlusion (24.0% avg, range 21-30%, n = 3), was replaced by systolic thinning in ischel;uc segments (range -2.1 to -5.4%, n = 2), as early as 1 min after coronary occlusion, with no detectable change thereafter. End-diastolic thickness in these two baboons decreased by 6.0% and 12.0% 1 min after Two hours after coronary occlusion, the heart rate has increased; the shortening in the control segment has changed only slightly but there is severely reduced shortening in the marthe occlusion; it was increased at 1 wk after coronary occlusion (9.7 and 10.5 mm compared to 8.7 and 8.9 mm 1 h after occlusion), and end-diastolic thickness later decreased to 7.8 and 7.5 mm, at 3 wk.
Telemetry
Occasional premature ventricular contractions were observed in all baboons in the initial days following coronary occlusion, and in one baboon runs of ventricular tachycardia were recorded at 1 day. In the marginal segments studied there were slight increases in shortening when heart rate increased during exercise or excitement (Fig. 4) . Ischemic segments and ischemic wall thickness showed little change in the extent of the systolic bulge or the holosytolic wall thinning (Fig. 4) that occurred during activity.
Csrrdiac Morphology and the Coronary Collateral Circulation
The heart weight-to-body weight ratio was significantly smaller in baboons than in dogs (Table Z) , and the percentage of infarcted left ventricular mass was larger in the baboons (Table 2) . Five of the six infarcts were transmural in the baboons (Fig. 5) , and the ratio of infarcted wall thickness to wall thickness in nonin- far&d areas was 0.45 -+ 0 05 in these five hearts. The non-transmural infarct had a thickness ratio of 0.65. In dogs, the thickness ratio was significantly larger: 0.65 t 0.04 (Table 2) . On histological examination, transmural infarcts in the baboons were characterized by a thin rim of viable myocardium (approximately 1.0 mm) in the subendocardial and subepicardial layers; many of the cells in these regions had dark-staining, hypertrophic nuclei. Between these rims of tissue was a heavy layer of dense, mature fibrous connective tissue. In dogs, histological sections showed diffuse interstitial fibrosis throughout the zone of the infarct, with scattered areas of viable myocardial cells many of which had hypertrophic dark-staining nuclei.
The collateral circulation in the control baboons was minimal, as defined by postmortem retrograde flow and the anastomotic index (Table 2 ). In baboons with infarction, postmortem retrograde flow was slightly greater, but the increase was not significant. However, AI in baboons was increased significantly (about lofold) compared to that in control baboons. In the single baboon that had been subjected to reperfusion and coronary reocclusion on three occasions, AI was larger (1,160 per tion in control dogs before coronary occlusion was similar to that in baboons with myocardial infarction (Table 2) . Retrograde flow and AI were about HI-fold greater in dogs with infarction than in control dogs (Table 2) . Coronary anastomoses were observed only in the endocardium of control baboons; they were present in the endocardium and midwall, or in the lateral marginal zones, in baboons with infarcts. Anastomoses were located only in the epicardium in control dogs; they were found in the epicardium and the midwall in dogs with infarcts. CROZATIER ET AL.
DISCUSSION
Differences in the incidence of ventricular fibrillation after coronary occlusion are apparent when this study of sedated baboons is compared with previous studies in monkeys and baboons. In the study of Hill et al. (5), 15 of 18 monkeys exhibited one or more episodes of ventricular fibrillation when the site oicoronary occlusion was closer to the origin of the left anterior descending coronary artery. In other reports, in which the site of occlusion was similar to that in our study, the ventricular fibrillation rates were 66% (25 of 38 baboons) in one study (2) and 60% (9 of 15) in another (7). In the present study, because our major purpose was to study regional function and coronary collateral development, the animals were sedated and then premedicated with morphine; in addition, warning arrhythmias were treated. These differences may in part explain the fact that only one sedated baboon died of ventricular fibrillation;
one baboon was subjected to reperfusion because of intractable arrhythmias, and five of the seven baboons survived the coronary occlusion. In two of the other studies (2, 7) the coronary occlusion was produced in open-chest animals, and in another the monkeys were chest-restrained (5). The high heart rates observed in the latter study (5) suggest a higher level of sympathetic tone than in the sedated animals, although basal heart rate in the monkey may also be somewhat higher than in the baboon.
Signs of left ventricular failure were described in chair-restrained baboons after coronary occlusion (5). None of the animals in our study exhibited signs of heart failure. The end-diastolic pressures remained below 20 mmHg in all the animals during the 1 h of monitoring after coronary occlusion, and the left ventricular pressures and peak dP/dt were only transiently lowered when antiarrhythmic drugs were given. Enddiastolic pressures were slightly, but not significantly, higher than control values 1 mo after the onset of coronary occlusion.
The acute responses of regional myocardial function to coronary occlusion in baboons were generally similar to the patterns observed in conscious dogs (22, 23) . However, the increased shortening of normal segments immediately following coronary occlusion in dogs was not encountered, nor did subsequent increased shortening associated with longer diastolic fiber lengths occur in normal segments (22, 23) . The initial increase in function in normal regions in dogs was attributed to a regional reduction in afterload consequent to systolic bulging of ischemic segments elsewhere in the ventricle. The subsequent augmentation of function in normal segments was attributed to use of the FrankStarling mechanism followed by dilatation and hypertrophy (21-23).
The reason for the differing behavior of control segments in the baboon is uncertain. The late regional functional responses observed over several weeks also were different in baboons from those observed in dogs. The end-diastolic lengths of subendocardial, marginal, and ischemic segments decreased progressively in dogs over the weeks following coronary occlusion (22>, whereas in baboons the ischemic segments lengthened The differences in regional functional responses beprogressively.
Since in baboons there was practically tween the baboon and the dog may relate to differences no normal tissue within the wall of the ischemic region, that we observed in the coronary collateral circulation. each systole continued to produce overstretch of the The method used in this study for the measurement of ischemic segment throughout the study; the continued coronary collateral blood flow was indirect, but the associated wall thinning would tend to further increase postmortem retrograde flow data and the anastomotic the stress on the scarred region (Fig. 4) The few available telemetry studies must be interpreted with caution. The increased shortening of marginal segments that occurred with exercise or excitement (Fig. 4) may support the anatomic evidence that these segments were formed by the juxtaposition of scarred and normal muscle. state (9). Our studies indicate that in normal baboons the coronary collateral circulation is minimal. Although we cannot exclude the possibility that in two of the four control animals early death was related to an unusually low number of collaterals, in the other two animals death was not related to coronary occlusion.
Collateral circulation increased after 1 mo of coronary occlusion in both dog and baboon, but in baboons it was still small compared to that in dogs with myocardial infarction.
The typical finding of relatively large transmural infarctions in the baboon is undoubtedly related to the absence of collateral vessels, whereas in
